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Performance requirements for Department of Defense (DoD) electrical 
components include corrosion and electrical contact resistance. Historically, electroplated 
cadmium with a chromate conversion coating (CrCC) has been used to meet corrosion 
and contact resistance standards. However, replacements are needed for these materials 
because they are toxic and carcinogenic. Electroplated y-ZnNi has been identified as an 
acceptable alternative to Cd. This study evaluated commercially available Zr-based thin 
films and sealers as passivations for potential replacement of CrCCs. Ten different 
passivations were tested and compared with bare y-ZnNi. X-Bond and Zircobond 
passivations were found to provide some improvement to the bare ZnNi corrosion 
performance, but none of the evaluated coatings met the requirements for DoD electrical 
connectors. Bare ZnNi, X-Bond 3000, and Chemseal 59 were able to meet the electrical 
contact resistance requirement of <5 mQ/in2 before salt spray exposure, but none of the 
samples were able to meet the post salt spray exposure contact resistant requirement of 
<10 mQ/in2. The corrosion performance of the X-Bond coatings was more heavily 
influenced by surface preparation than coating chemistry variations, with improvement 
observed upon using an alkaline cleaner. On the other hand, Zircobond 4200 coatings 
were negatively influenced by an alkaline cleaner and also a deoxidizer but saw some 
improvement with the use of Zircoseal on top of the standard coating. Chemseal 59 
provided improvement when directly applied to the bare y-ZnNi but degraded corrosion 
performance when applied to the Zircobond 4200. Overall, the X-Bond coatings showed 
the most promise having the least corrosion product and contact resistance.
v
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The Department of Defense has many specifications for electrical connectors 
including contact style, temperature range, and corrosion resistance.1 Currently, 
electroplated cadmium with chromate conversion coating (CrCC) passivations are used to 
provide corrosion protection while maintaining necessary electrical conductivity. 
However, cadmium and CrCCs are carcinogenic and toxic in nature, so research for a 
sustainable corrosion protection replacement is needed. Electroplated zinc nickel (ZnNi) 
has been identified as a viable replacement for the cadmium layer of the protection 
system because it corrodes sacrificially with minimal corrosion product.2,3 This study 
aims to evaluate zirconium based passivations as an alternative to CrCCs on electroplated 
ZnNi.
The Zr-based passivations evaluated in this study were developed by PPG and are 
commercially available. Currently, the thin films are used as pretreatments for metal 
surfaces to provide corrosion resistance similar to that of zinc and iron phosphates. This 
new technology is more sustainable, as it is said to create less sludge than other 
pretreatments and contains no toxic chemicals, making waste disposal and production 
subject to fewer regulations.4,5 While providing corrosion resistance the passivations 
must also be electrically conductive to be suitable for application electrical connectors. 
Testing for these coatings includes corrosive environment exposure, electrochemical 




The first paper contained in this thesis presents and discusses the corrosion 
performance of PPG X-Bond coatings. The effects of coating chemistry and surface 
preparation were tested in order to identify the optimum corrosion protection system. 
Corrosive environment exposure results and electrical contact resistance measurements 
were compared to military standards to assess the viability of the coatings for DoD 
electrical connector usage. Electrochemical testing results and microscopy were used to 
determine any differences in the surfaces that may account for variations in corrosion 
performance.
The second paper in this thesis presents and discusses the corrosion performance 
of PPG’s Zircobond 4200 coating. The effects of various Zr-based sealers, an alkaline 
cleaner, and an acidic deoxidizer on the Zircobond were investigated to determine the 
parameters that provide the best corrosion protection to electroplated y-ZnNi. Military 
standards for electrical connectors were used to evaluate the results of salt spray testing 
and electrical contact resistance measurements. Electrochemical response and surface 
morphologies were used to identify variations between the specimens that may attribute 
to the distinct corrosion behavior observed.
1.3 IMPACT OF WORK
This work can be a reference for future attempts to use Zr-based passivations to 
replace CrCCs. While these Zr-based coatings did not reach the same level of corrosion 
performance of CrCCs, they did improve the corrosion performance of the ZnNi. It has 
been demonstrated that coating chemistry, surface preparation, and type of sealer has the 
potential to improve corrosion performance.
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2. REVIEW OF LITERATURE
2.1 ELECTROPLATED ZINC NICKEL
Zinc coatings are used to sacrificially protect metal substrates from corroding 
through a process called galvanization.6 Zinc has a relatively high corrosion rate and 
produces a corrosion product which acts as another barrier between the substrate and the 
environment.7 Zinc nickel coatings have been studied for decades as a means to improve 
corrosion properties of zinc coatings.2, 6-10 ZnNi coatings are deposited using an 
anomalous electroplating codeposition process.8, 14 These coatings have been investigated 
as a potential replacement for electroplated cadmium in many industries that require 
corrosion resistance, such as aerospace applications.6, 11
The Zn-Ni phase diagram (Figure 2-1) shows several stable solid phases at room 
temperature.12 About 27 at. % Zn is soluble in face centered cubic Ni at room 
temperature. The P1 phase exists for compositions containing 45.5 to 52 at. % Zn. S-ZnNi 
exists in a very small composition range of 89 to 90 at. %. Between 74 and 85 at. % Zn 
exists y-ZnNi. Nickel is nearly insoluble in zinc, leaving essentially pure zinc as the last 
solid phase possible. It has been reported by several studies that adding 12 to 15 at. % Ni 
can slow the corrosion rate of the Zn and reduce the amount of corrosion product while 
still maintaining its ability to be sacrificial.7, 8 11, 13-15 The protection is a two-fold 
mechanism, the Zn preferentially oxidizes leaving an enriched Ni surface which acts as a 
corrosion resistant barrier. For this reason, y-ZnNi has been the primary phase of the 
alloy studied for corrosion resistance. In addition to corrosion resistance, ZnNi also has 
the added benefit of good wear resistance,8 making it suitable for electrical connector 
applications.
4
Figure 2-1: Zn-Ni phase diagram12.
The anomalous electroplating codeposition method for producing ZnNi coatings 
was traditionally done with acidic electrolytes.9, 12, 15 More recently, alkaline electrolytes 
have been studied and used due to the more uniform coatings obtained from these types 
of solutions.2, 9 16 While the alkaline process takes about twice as long as the acidic 
process, better thickness uniformity of the deposited metal is achieved.9 Acidic solutions 
are used for deposition on cast iron because high currents are needed to promote a 
deposition and acidic solutions work best for this scenario.12
2.2 PASSIVATION COATINGS
Passivation coatings are thin coatings (usually less than 300 nm thick17) that are 
applied to substrates to protect them from environmental exposure. They are typically 
used to provide corrosion resistance either by forming a barrier or by sacrificial means.
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Conversion coatings are an effective form of passivation coatings where part of the 
surface of the substrate is converted into the coating.18 These types of coatings are 
separated into two broad categories; immersion and electrical. Immersion describes 
coatings applied by methods such as direct immersion, rolling, and spraying. Electrical 
refers to coatings applied with the use of applied current.17 This review will cover 
chromate conversion coatings, trivalent chromium coatings, and zirconium-based 
coatings.
2.2.1 Chromate Conversion Coatings. Chromate conversion coatings (CrCC) 
contain hexavalent chromium (Cr(VI)) and are highly effective passivations that are 
widely used to improve corrosion resistance. Three basic steps are involved in the 
chromating process: surface preparation, chromating, and drying. Oils and other debris 
are cleaned off the surface with the use of alkaline cleaners. Oxides are removed with 
acidic deoxidizers. The chromating step is the most crucial in determining the properties 
of the coating, which are influenced by chromate concentration, temperature, pH, time, 
and accelerator concentration. The drying process is important because it affects the 
chromate release of the coating which is essential to the protection mechanism.19 This ion 
release occurs during corrosive attack and ions can move to the corrosion site. The 
chromate ions then reduce to trivalent chromium species. Trivalent chromium species are 
insoluble and act as an inert barrier to corrosion.19 Although CrCCs are effective against 
corrosion they are toxic and heavily regulated, increasing the demand for safe 
alternatives.20
2.2.2 Trivalent Chromium Passivation Coatings. Research for safe alternatives 
has led to studies of trivalent chrome passivation (TCP) coatings. TCP takes advantage
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of the corrosion resistance of chromium without the presence of Cr(VI). The process for 
TCP is a drop-in substitution into the current chromating processes, as it is also a direct 
immersion process similar to that of CrCCs.21 It is also the only non-chromate conversion 
coating that meets military requirements for use on aluminum and aluminum alloys.18
Pearlstein and Agarwala reported a TCP corrosion resistant coating on aluminum 
using an immersion bath containing chromic sulfate (Cr2(SO4)3) and NaF or Na2SiF6 .22 
The fluorides deoxidize the surface and increase the pH which drives the conversion 
coating formation. TCP baths have evolved to contain some zirconium fluoride salt in 
addition to the Cr(III) compound. The addition of Zr to the bath not only improves the 
corrosion resistance but also resulted in no detectable release of Cr(VI) that had been 
seen with the traditional TCP bath.22
2.2.3 Zirconium-based Conversion Coatings. Zirconium-based conversion 
coatings (ZrCC) are used in various industries including vehicles and appliances.23 
Hexafluorozirconic acid-based solutions are used to deposit the coating, similar to the 
chromium coatings. These coatings are based on the stable oxide formed by zirconium in 
its highest oxidation state.24 Patents have been published for ZrCC process improvements 
that increase corrosion resistance for zinc alloys, improve paint adherence, and allow 
deposition of the coating without a separate step for surface cleaning and deoxidizing.25-26 
The conversion coating reaction onto a zinc surface can be seen in equation 1.23
3Zn2+ + ZrF62- ^  3ZnF2 + Zr4+ [ 1 ]
Currently, ZrCCs are being used to replace phosphates in the automotive 
industry23. Phosphating processes produce sludge containing heavy metal ions which are 
an environmental and health hazard. In 2005, ZrCCs were introduced as replacements for
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phosphates and some CrCCs on non-ferrous materials and were about 44 nm thick. 
Improvements in paint adhesion and operational cost savings over zinc phosphates were 
realized. By 2010, the ZrCCs were more than double the thickness (up to 98 nm) and 
were suitable for phosphate replacement on ferrous materials.27
The deposition of the coatings is affected by the bath pH, surface chemistry, time, 
temperature, and bath agitation.23 Phosphoric, boric, and nitric acids can be added to the 
acidic immersion bath to alter the pH. Fluoric acids can be added to activate and 
deoxidize the surface of the substrate.28-30 Most studies report a bath pH of about 4 and 
for certain coatings this pH resulted in superior coating as compared to lower bath pH.31 
Immersion times greater than five minutes result in full coating of the substrate and times 
up to ten minutes result in uniform coverage and thicker coatings.32 Times exceeding ten 
minutes are usually seen for baths that do not contain fluoride ions.33 Early stages of 
coating (about one minute) result in increased roughness due to nucleation of the 
conversion coating on the surface.34 Optimum temperature of the bath is determined by 
the zirconium composition of the coating and the substrate but can range from room 
temperature to 50 °C.28-29 Typically, baths are operated at room temperature which results 
in lower operating costs. Bath agitation helps the mass transfer kinetics of the coating 
reaction. Fresh fluorides are brought to the surface, aiding in dissolution of the oxide 
layer and accelerating the deposition time, but most baths are run without agitation.23
Organic additives, such as poly(acrylic acid) (PAA) and pyrrolidine-based 
polymer, are added to baths to improve adhesion of paints after the conversion coating. 
These additives can increase the adhesion of the ZrCC to the substrate and improved 
corrosion resistance.23 Copper ions added to the bath nucleate preferentially at grain
boundaries immediately and promote zirconium hydroxide deposition.35 Some studies 
have reported negligible improvement in corrosion resistance for coatings containing 
copper but did notice improvements in paint adhesion.36 Coatings containing copper were 
thicker but lacked homogeneity, which results in decreased corrosion protection.37 Zinc 
additions have been studied and showed an inferior corrosion performance compared to 
TCP coatings thought to be due to the solubility of zinc and zirconium hydroxides.38 Low 
concentrations of manganese ions in the ZrCC led to reduced cracking and therefore 
better corrosion resistance. However, at higher concentrations of manganese the layers 
became unstable.39 Vanadium, cerium, and Cr(III) additions have been shown to give 
ZrCCs self-healing properties and protection comparable to CrCCs.23
2.3 ELECTRICAL CONNECTORS
The DoD has strict requirements for military grade electrical connectors (Figure 
2-2). These connectors are expected to endure harsh environments and extreme 
temperatures (-65 °C to +200 °C) while maintaining electrical conductivity. Contact 
resistance, withstanding voltage, vibration, and thermal shock are some of the tests used 
to evaluate electrical connectors.1 Various classes and series have been assigned to 
provide detailed specifications, including materials, for connector components for 
different situations. Each connector is made up of four main components: the shell, pins, 
insulator, and plugs. Shells encase the connector and see the most environmental 
exposure. They are typically made of aluminum alloy or steel that is coated with 
cadmium, nickel, or other corrosion resistant material which may include CrCC 
passivations.1 Pins and plugs are typically made of copper or steel that is plated with gold 
or cadmium with CrCC passivation. Insulators are usually reinforced epoxy resin or some
8
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other rigid dielectric material. Hermetically sealed connector insulators use vitreous 
materials bonded to a reinforced rigid dielectric support. Recent regulations on cadmium 
and hexavalent chromium due to their toxicity and carcinogenic properties have led the 
DoD to investigate more sustainable alternatives. ZnNi has been identified as a viable 
option to replace cadmium. TCP has shown promise as a replacement for CrCC, but 
research efforts continue to identify other suitable options.
Figure 2-2: Military grade electrical connector40.
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PAPER
I. EVALUATION OF ZIRCONIUM-BASED PASSIVATIONS AS A 
SUSTAINABLE ALTERNATIVE TO CHROMATE CONVERSION COATINGS:
X-BOND
M. M. Reed, J. B. Claypool, M. J. O’Keefe, W. G. Fahrenholtz
Materials Research Center, Department of Materials Science and Engineering, 
Missouri University of Science and Technology, Rolla, MO 65401, USA
ABSTRACT
Two commercially available, Zr-based passivations were evaluated for corrosion 
and electrical contact resistance for use in electrical connectors as a potential replacement 
for hexavalent chromium conversion coatings (CrCC) on electroplated ZnNi. The two 
passivations improved the corrosion resistance of the electroplated ZnNi substrate by 
providing more active self-healing corrosion protection but failed to meet visual and 
electrical conductivity requirements for electrical connectors after neutral salt spray 
exposure. While all variations tested yielded different electrochemical responses, the 
biggest changes were seen between the same coating chemistry with different surface 
cleaning before application of the passivation. Samples tested to DoD performance 
specifications were not suitable for use in electrical connectors; however, Zr-based 
passivations combined with an optimal surface preparation are potentially viable,
sustainable alternatives to CrCCs.
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1. INTRODUCTION
One of the most effective corrosion protection systems consists of electroplated 
cadmium with a hexavalent chromium conversion coating (CrCC). These coatings 
actively protect the substrate from corrosion by preferentially oxidizing and providing a 
self-healing protection mechanism. Along with corrosion protection, this system retains 
its metallic appearance and electrical conductivity characteristics. These properties have 
led to widespread usage of Cd and CrCC, including their usage by the Department of 
Defense for electrical connectors.1 Although they have many desirable properties, these 
materials are highly toxic and carcinogenic, making them subject to strict OSHA 
regulations.2-3 Identifying sustainable replacements for these coatings has been the 
subject of numerous research efforts over the years.4-9 Electroplated zinc nickel has been 
found to be a suitable replacement for the Cd layer5,10, but the CrCC has been difficult to 
replace. Trivalent Chromium Passivation (TCP) conversion coatings may be a potential 
alternative for CrCC because they retain similar characteristics of the CrCC without the 
same level of toxicity.11 TCP is less toxic than CrCC but is still subject to OSHA 
regulations. Zirconium-based pretreatments that are suitable for replacing iron phosphates 
have been developed and are in commercial use.12 These pretreatments are generally used 
with paints and have been shown to improve corrosion resistance.13 Zirconium has 
chemical properties similar to titanium and has good corrosion resistance. Zirconium is 
also considered non-toxic and is therefore, not as heavily regulated by OSHA.14 The 
processing of this pretreatment also produces less sludge waste than is typically seen with 
similar coatings.13
12
This study aimed to evaluate the corrosion performance of commercially available 
Zr-based coatings as potential replacements for CrCCs. Samples were assessed based on 
salt spray testing performance and electrochemical response. Electrical contact resistance 
was measured to assure DoD requirements1 could be met with these coatings.
2. PROCEDURE
Three different samples of X-Bond thin films provided by PPG were evaluated. 
The specifications for the passivations can be found in Table 1. All passivations were 
deposited on a steel substrate electroplated with y-ZnNi provided by Dipsol of America. 
The ZnNi coating contained about 14 wt. % Ni and was about 10 |im thick. Each sample 
was 3.5” by 2” and about 0.025” thick.
Table 1: Description of passivations tested
Name Description
Bare ZnNi No passivation, only steel substrate with ZnNi (control)
X-Bond 4000 X-Bond 4000
X-Bond 3000-I X-Bond 3000FR
X-Bond 3000-A X-Bond 3000FR (with alternate alkaline cleaner)
2.1 SALT SPRAY EXPOSURE
Two specimens of each passivation were subjected to 5% neutral salt spray 
exposure in accordance with ASTM B117. Pictures were taken and observations were 
made at 24 and 48 hours of testing. After 500 hours of salt spray exposure, one specimen 
of each passivation was removed from the salt spray environment and allowed to dry for 
24 hours. Optical images were taken, and the contact resistance was measured. The same 
procedure was followed for the second set of samples after 1000 hours of salt spray 
exposure. Images of each specimen were captured via digital camera, optical microscope,
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and scanning electron microscope (SEM). The SEM used was a Hitachi S-4700 FESEM 
with an accelerating voltage of 15 kV and a working distance between 12.8-13.1 mm.
2.2 CONTACT RESISTANCE TESTING
Contact resistance of each passivation was measured in accordance with MIL- 
DTL-81706B. Resistance was measured before salt spray exposure (as-received 
condition), after 500 hours, and after 1000 hours of salt spray exposure.
2.3 ELECTROCHEMICAL TESTING
Electrochemical testing was performed using a flat cell (model K0235, Princeton 
Applied Research) and a standard calomel electrode (SCE). A solution containing 0.6M 
sodium chloride and 0.6M ammonium sulfate was used as the electrolyte for all tests. A 
potentiostat (EG&G Princeton Applied Research Model 273A) and frequency response 
analyzer (Solartron Instruments SI1255 HF Frequency response analyzer) were used to 
collect data for the experiments. CorrWare and ZPlot software packages were used to 
collect cyclic potentiodynamic scans (CPDS) and electrochemical impedance 
spectroscopy (EIS) data, respectively. To analyze the data collected, CView and ZView 
software packages were used.
Each passivation was tested at least three times in different 1 cm2 locations on the 
panel. For every test, the passivation was allowed to come to its open circuit potential 
(OCP) for at least 3000 seconds before EIS was started. EIS was performed over a 
frequency range of 10"2 to 105 Hz and had an AC amplitude of 10 mV. After EIS, CPDS 
was performed at a scan rate of 0.1667 mV/s. Scans began at -0.3 V from OCP and 
reached a maximum overpotential of 0.8 V from OCP before decreasing to -0.3 V from
OCP.
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3. RESULTS AND DISCUSSION
3.1 AS-RECEIVED PASSIVATIONS
The passivations were all a metallic gray color as seen in Figure 1. Discolorations 
were present throughout the samples with the greatest differences occurring at the edges, 
which indicated some inconsistencies in the passivations. These inconsistencies could be 
due to damage to the coatings, differences in chemistry, or differences in thickness over 
the surface of the sample. Contact resistance and corrosion resistance can be affected by 
both chemistry and passivation thickness. For example, passivation thickness is directly 
correlated with contact resistance meaning thicker coatings have higher contact 
resistance. Also, if the coating is too thin in some areas, it may result in inadequate 
corrosion resistance of the substrate. The passivation chemistry is directly related to the 
oxide layer that forms on the surface which can also affect the contact and corrosion 
resistance.
The control specimen was bare electroplated y-ZnNi with no passivation layer and 
had the lowest contact resistance prior to salt spray exposure. The contact resistances of 
the specimens can be seen in Figure 2. X-Bond 3000-I had the lowest resistance of the 
passivated samples with an average of 3.2 mQ/in2 and was the only passivation to meet 
the standard of less than 5 mQ/in2 before salt spray exposure.
CPDS of the passivations showed similar corrosion behavior (Figure 3). All 
CPDS curves for the coatings have similar shapes. Corrosion potentials ranged from 
-1010 mV to -1030 mV. As the voltage is applied during CPDS passivations are broken 
down rapidly and the ZnNi layer is exposed to the solution. Once peak potential is
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Figure 1: Zr-based passivations deposited on electroplated ZnNi on steel substrates in the 
as-received condition; (A) Bare ZnNi, (B) X-Bond 3000, (C) X-Bond 4000-I, (D) X- 
Bond 4000-A. Color variations may indicate chemistry or thickness differences in the 
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Figure 2: Electrical contact resistance of as-received samples compared to DoD 
requirement of<5 mQ/in2. Error bars show range of measurements.
reached, the potential is decreased causing the ZnNi to oxidize. The oxidation is 
evidenced by the secondary corrosion potential seen at about -750 mV for all samples,
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meaning ZnO likely formed. This secondary potential is more positive than all initial 
corrosion potentials. A more positive secondary corrosion potential indicates that the 
oxide formed from the oxidation of the ZnNi is more noble than the zirconium 
passivations. These two layers combined act as a self-healing corrosion barrier because 



















Figure 3: CPDS curves comparing bare ZnNi to X-Bond 4000, X-Bond 3000-I, and X-
Bond 3000-A.
Table 2 shows the values of corrosion current (I0), corrosion potential (E0), and 
polarization resistance (Rp) for all passivations analyzed. Corrosion current varied from 
0.52 mA/cm2 to 0.84 mA/cm2. The X-Bond passivations had slightly lower corrosion 
potentials which can indicate a more active surface as opposed to the nobler ZnNi. 
Polarization resistances ranged from 28 to 51 Q-cm2. Higher polarization resistances
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indicate a more stable passivation that is more resistant to corrosion. The bare ZnNi 
sample showed the lowest corrosion rate and the highest resistance to corrosion and X- 
Bond 4000-A showed the highest corrosion rate and lowest polarization resistance of 28 
Q-cm2.
Table 2: Polarization values of as-received passivations determined from CPDS analysis.
Coating Io (mA/cm2) Eo (V) Rp (Qcm 2)
Bare ZnNi 0.52 ± 0.07 -1.03 ± 0.04 51 ± 7
X-Bond 4000 0.53 ± 0.22 -1.02 ± 0.17 50 ± 22
X-Bond 3000-I 0.58 ± 0.07 -1.01 ± 0.05 45 ± 6
X-Bond-A 0.84 ± 0.31 -1.02 ± 0.03 28 ± 28
The Bode plot for the bare ZnNi sample showed a simple corrosion response with 
only one peak at about 100 Hz. Figure 4 shows the X-Bond coatings relative to the bare 
ZnNi. X-Bond 4000 had peaks at 6 Hz and 500 Hz. X-Bond 3000-I had a peak at 1 Hz 
and a potential second peak at 50Hz. X-Bond 3000-A had peaks at 10 Hz and 400 Hz 
with a possible third peak at 0.2 Hz. A two or three peak response indicates multiple 
corrosion reactions occurring due to multiple or porous layers. Nyquist plots for the 
samples can be seen in Figure 5. X-Bond 4000 and X-Bond 3000-A had the highest 
impedances at 625 Q/cm2 and 350 Q/cm2, respectively. Bare ZnNi and X-Bond 3000-I 
had the lowest impedances at 250 Q/cm2 and 85 Q/cm2, respectively. Higher impedance 
values indicate a stronger resistance to corrosion due to a more stable passivation.
Combining the results of EIS and CPDS can be useful in discerning the type of 
corrosion taking place and how effective of a barrier is formed. Bare ZnNi is a simple 
corrosion barrier, as evidenced by the Bode plots, and provided a corrosion resistant
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Figure 4: Bode phase angle plots showing X-Bond coatings compared to bare ZnNi.
Figure 5: Nyquist plot comparing bare ZnNi to X-Bond passivations.
barrier. However, bare ZnNi having an impedance of 250 Q/cm2 means that the barrier it 
forms is not as stable as X-Bond 4000 (625 Q/cm2) or X-Bond 4000-A (350 Q/cm2). All 
passivations provided relatively similar corrosion potentials having E0 values around - 
1000 mV. X-Bond 3000-I formed a more noble barrier to corrosion as seen by the
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secondary passivation during CPDS but did not provide a barrier more stable than the 
bare ZnNi, having the lowest impedance value at 85 Q/cm2.
Equivalent circuit (EC) modeling was used to further interpret the Bode plots. 
Three different models were used to characterize the four specimens as seen in Figure 6 
and the values for each element can be found in Table 3. Each model consists of a resistor 
that represents the solution and an inductor thought to be caused by the wiring of the 
experimental setup. Bare ZnNi and X-Bond 4000 are both represented by the model 
containing two Randle’s circuits, representing two double layers. X-Bond 3000-I was 
modeled with two Randle’s circuits and a Warburg diffusion element which indicates two 
double layers with some mass transfer dependence at one of the layers. X-Bond 3000-A 
was the most complex model with three Randle’s circuits. A more complex EC indicates 
a more complex chemical reaction and usually better corrosion resistance. While the 
polarization values indicate that X-Bond 30000-A may be the most susceptible to 
corrosion, the EC models suggest that the corrosion mechanism may have a more active 
approach to protection.
Figure 6: Equivalent circuits used to model (a) bare ZnNi and X-Bond 4000, (b) X-Bond
3000-I, and (c) X-Bond 3000-A.
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Table 3: Element values for equivalent circuit models of bare ZnNi and X-Bond coatings.
C o a t in g R 1 L1 C P E 1 - T C P E 1 - P R2 W o 1 - R W o 1 - T W o 1 - P C P E 2 - T C P E 2 - P R3 C P E 3 - T C P E 3 -P R 4
B are  ZnN i 5 .49 2 .0 6E -06 0 .0003 0.788 132.7 0 .0310 0.618 4 47.7
X -B o n d  4000 5.89 1 .9 0E-06 0 .0018 0 .501 897.3 0 .0004 0 .656 20.0
X -B o n d  3000-I 5 .06 1 .66E-06 0 .0180 0 .826 40.0 150.90 81.36 0 .56 0 .0032 0.737 3.1
X -B o n d  3 00 0 -A 2 .08 2 .4 0E -06 0 .0007 0.790 2.2 0 .0074 0.980 11.5 0 .0064 0.660 4 66.9
3.2 AFTER SALT SPRAY EXPOSURE
The samples removed from the salt spray after 24 and 48 hours for photos had 
minimal corrosion observed. After 500 hours and 1000 hours, the specimens were air 
dried for 24 hours and then were photographed before further testing (Figure 7). Visually 
the samples with the X-Bond passivations outperformed the bare ZnNi, but all specimens 
had significant corrosion product that fails visual inspection criteria. Inspection of the 
500-hour salt spray testing (SST) corrosion product morphology revealed the 
microstructures seen in Figure 8. The microstructures of the X-Bond passivations appear 
to have a similar round tufted type of structure. The size of the round structures varies 
with the largest seen in X-Bond 4000 and the smallest seen in X-Bond 3000-A. The bare 
ZnNi exhibits two different microstructures: a crystal-like structure and a vague, 
undeveloped tufted structure.
Electrical contact resistance of all the specimens was measured after salt spray 
testing of 500 and 1000 hours. All resistances increased (Figure 9) from the as-received 
testing, as expected. None of the samples satisfied the military standard for contact 
resistance after corrosive environment exposure of 10 mQ/in2. The oxide that formed on 
the surface of the samples was a non-conductive layer thick enough to impede electrical 
conductivity of the substrate. Large variations in the electrical contact resistance
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Figure 7: Coatings after (a) 500 hours and (b) 1000 hours of salt spray testing.
measurements could be due to inherent errors in the measurement technique or possibly 
due to uneven coverage and/or thickness of the oxide layer.
The cyclic potentiodynamic scans revealed that after 500 hours of salt spray 
testing (SST) the X-Bond coatings behaved similarly exhibiting some evidence of 
unstable passivation at the beginning of the anodic sweep as seen in Figure 10(a). Table 4 
shows the polarization values for the coatings. X-Bond 4000 and X-Bond 3000-I showed 
higher corrosion currents, lower corrosion potentials, and lower polarization resistances
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Figure 8: Microstructure of bare ZnNi (a and b), X-Bond 4000 (c), X-Bond 3000-I (d), 











Bare ZnNi X-Bond 4000 X-Bond 3000-I X-Bond 3000-A
Figure 9: Average electrical contact resistance compared to DoD requirement of <10 
mQ/in2. Range of the measurements is denoted by error bars.
than bare ZnNi. The higher corrosion currents indicate a higher corrosion rate and more 
negative corrosion potential demonstrates a more active corrosion surface. On the other 
hand, X-Bond 3000-A has lower corrosion current and higher polarization resistance than 
ZnNi which indicates a lower corrosion rate and higher resistance to corrosion. The 95% 
confidence intervals are large for some values in Table 4 and show the uncertainty in 
some of the measurements likely due to variability across the surface of the specimen. A 
secondary potential was present for each curve around -0.75 V indicating likely ZnO 
formation. This secondary potential is more positive than the corrosion potential 
indicating a more noble passivation forms and pitting is not likely to occur. After 1000 
hours of SST, the evidence of unstable passivation no longer exists (Figure 10(b)). The 
polarization values show that X-Bond 3000-I is still more active than bare ZnNi, but the 
corrosion rate becomes less, and it becomes more corrosion resistant when compared to 
bare ZnNi after 1000 hours SST. These changes along with visual observations suggest
24
that the bare ZnNi corrodes extensively during the first 500 hours of SST and less 
corrosion occurs during the next 500 hours. Alternatively, the X-Bond coatings continue 
to corrode throughout the 1000 hours of SST, but still results in less corrosion product 
visually observed when compared to bare ZnNi.
Table 4: Polarization values for bare ZnNi and X-Bond passivations after salt spray
testing
Hours 
of SST Coating I0 (mA/cm2) E0 (V) Rp  (Qcm2)
500 Bare ZnNi 0.15 ± 0.27 -0.86 ± 0.09 203 ± 267
500 X-Bond 4000 0.18 ± 0.09 -1.12 ± 0.04 146 ± 68
500 X-Bond-3000-I 0.29 ± 0.04 -1.12 ± 0.01 91 ± 12
500 X-Bond 3000-A 0.11 ± 0.25 -1.04 ± 0.29 350 ± 801
1000 Bare ZnNi 0.13 ± 0.01 -0.86 ± 0.01 199 ± 14
1000 X-Bond 3000-I 0.09 ± 0.05 -0.92 ± 0.06 300 ± 184
The Nyquist plots for the coatings after 500 hours of SST (Figure 11(a)) show that 
X-Bond 4000 and X-Bond 3000-I have the highest impedances at about 500 and 510 
Q/cm2, respectively. Conversely, X-Bond 3000-A and bare ZnNi have the lowest 
impedances at about 300 and 350 Q/cm2, respectively. After 1000 hours of SST (Figure 
11(b)), X-Bond 3000-I shows about a 50% drop in impedance to 250 Q/cm2, while the 
bare ZnNi impedance remains the same. These results indicate that after 500 hours of 
SST the ZnNi corrosion protection is constant, but the X-Bond 3000 forms a relatively 
strong barrier against corrosion after 500 hours SST that degrades after 1000 hours SST. 
The Bode plots shown in Figure 12 appear to be single peak responses from all 
specimens after 500 and 1000 hours SST. The peaks have only slight shifts and range
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Figure 10: CPDS for bare ZnNi and X-Bond passivations after (a) 500 and (b) 1000 hours
SST.
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Figure 11: Nyquist plots of bare ZnNi and X-Bond samples after (a) 500 and (b) after
1000 hours of salt spray exposure.
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Figure 12: Bode phase angle plots of bare ZnNi and X-Bond samples after (a) 500 and (b)
1000 hours of salt spray testing.
Equivalent circuit modeling was used to distinguish differences between the 
coatings. Figure 13 displays the three models used for the four samples and Table 5 
shows the values for each element in the models. Bare ZnNi, X-Bond 4000, and X-Bond 
3000-A are each represented by one Randle’s circuit meaning that only one double layer 
exists as opposed to the two or three that existed before SST. The X-Bond 4000 model 
also includes a Warburg diffusion element indicating a mass transfer dependence. X- 
Bond 3000-I was the only passivation to retain a model containing two Randle’s circuits
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after SST. This suggests that X-Bond 3000-I is the only passivation to continue to
provide corrosion protection during SST.
R1 L1 CPE1
Figure 13: Equivalent circuit models of (a) bare ZnNi and X-Bond 3000-I, (b) X-Bond 
4000, and (c) X-Bond 3000-A after 500 hours of salt spray testing.
Table 5: Element values for equivalent circuit models of samples after 500 hours of SST
C o a t in g R1 L1 C P E 1 -T C P E 1 -P R2 W o 1 -R W o 1 -T W o 1 -P C P E 2 -T C P E 2 -P R3
Bare ZnNi 6.02 1.54E-06 0.0048 0.723 420.4 - - - - - -
X-Bond 4000 6.78 1.77E-06 0.0011 0.727 498.4 143.10 56.10 0.81 - - -
X-Bond 3000-I 4.77 1.63E-06 0.0022 0.827 458.5 - - - 0.0111 0.535 175.0
X-Bond 3000-A 7.62 2.59E-06 0.0041 0.723 322.8 - - - - - -
4. CONCLUSIONS
After testing the corrosion performance three variations of Zr-based passivations 
on electroplated ZnNi, the data demonstrates that these passivations improved the 
corrosion resistance of the ZnNi. However, none of the passivations met visual or 
electrical contact resistance requirements after salt spray testing. Cyclic potentiodynamic 
scans showed all specimens to be self-healing and not subject to pitting corrosion. 
Electrochemical testing was able to distinguish between two different coating chemistries 
and the use of an alkaline cleaner before applying one of the coatings. The largest
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differences were observed between X-Bond 3000-I and X-Bond 3000-A which only 
differed in the use of an alternative surface cleaner, suggesting that surface preparation 
can influence corrosion performance.
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II. EVALUATION OF ZIRCONIUM-BASED PASSIVATIONS AS A 
SUSTAINABLE ALTERNATIVE TO CHROMATE CONVERSION COATINGS:
ZIRCOBOND
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Materials Research Center, Department of Materials Science and Engineering, 
Missouri University of Science and Technology, Rolla, MO 65401, USA
ABSTRACT
The corrosion performance and electrical contact resistance of several Zr-based 
passivations and sealers were evaluated as potential sustainable replacements for 
chromate conversion coatings (CrCCs) on y-ZnNi. The coating and sealers provided an 
improvement to the corrosion rate and resistance of the electroplated ZnNi. Two different 
surface preparations of the standard coating had a negative effect on the corrosion 
resistance. Although some improvement was seen, none of the coatings performed well 
enough to pass visual inspection. The electrical contact resistance requirement of as- 
received samples of <5 mQ/in2 was met only by the unpassivated ZnNi (2.0 mQ/in2) and 
ZnNi sealed with Chemseal 59 (3.2 mQ/in2). After salt spray testing, the contact 
resistance was >10 mQ/in2 for all coatings.
1. INTRODUCTION
Zinc is commonly used to galvanically protect metallic substrates but has high 
corrosion rates and produces significant corrosion product that is thermally and 
electrically insulating, which is undesirable for applications such as electrical 
connectors.1-3 Zinc can be alloyed with about 14 wt. % Ni to minimize corrosion product,
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however passivating the surface of the ZnNi can be more effective at mitigating the 
amount of corrosion product formed.3-9 Traditionally, this passivation has consisted of 
chromate conversion coatings (CrCC), but these coatings are being phased out due to 
their toxicity.10 Throughout the search for sustainable alternatives to CrCCs aluminum, 
titanium, tungsten, cerium, trivalent chromium, and organic coatings have been among 
the options studied.11-13 Zirconium has similar chemical properties to titanium and is 
known for its corrosion resistance but has remained relatively unstudied as an alternative 
for ZnNi passivation. Zirconium is frequently used in alloys to improve corrosion 
resistance and zirconium oxide coatings have been shown to provide excellent corrosion 
and wear resistance for biological purposes.14 Nanoceramic Zr-based coatings have been 
evaluated against CrCCs and have shown potential to provide similar corrosion 
resistance.15 The objective of this study is to evaluate commercially available Zr-based 
thin films and sealers as passivations to potentially replace CrCC usage in Department of 
Defense (DoD) electrical connectors by having similar corrosion resistance and the 
ability to maintain a low electrical contact resistance throughout exposure to salt spray 
exposure conditions.
2. PROCEDURE
Seven different commercially available passivation coating systems from PPG 
were evaluated. Table 1 contains descriptions of the passivations and variations studied. 
The passivations were deposited on electroplated y-ZnNi containing about 14 wt. % Ni 
provided by Dipsol of America. The ZnNi is about 10 p,m thick electroplated onto a steel 
substrate that is 3.5” by 2” and 0.025” thick.
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Table 1: Description of passivations tested
Name Description
Bare ZnNi No passivation, only steel substrate with ZnNi (control)
Zircobond-I Zircobond 4200 Immersion Zr for electrocoat
Zircobond-A Zircobond 4200 (with alternate alkaline cleaner)
Zircobond-D Zircobond 4200 (with deoxidizer)
Chemseal 59 Chemseal 59 (Zr-based sealer)
Zircobond-59 Zircobond 4200 Chemseal 59 (Zr-based sealer)
Zircobond-100 Zircobond 4200 Zircoseal 100 (Zr-based sealer)
Zircobond-200 Zircobond 4200 Zircoseal 200 (Zr-based sealer)
2.1 SALT SPRAY EXPOSURE
Two specimens of each passivation were exposed to a 5% neutral salt spray 
corrosive environment in accordance with ASTM B117. After 24 and 48 hours of 
exposure, one specimen of each passivation was briefly removed from the salt spray 
environment for digital image capture and observations. One sample of each passivation 
was removed from the salt spray testing and allowed to dry for 24 hours. Pictures were 
then taken, and the contact resistance was measured. The second set of specimens was 
removed after 1000 hours of salt spray exposure and the same procedure was followed.
2.2 MICROSCOPY
A cross-section of Zircobond-D was cut and analyzed via focused ion beam 
(FIB). The morphology of the corrosion product was imaged via scanning electron 
microscope (SEM). A Hitachi S-4700 FESEM was used with an accelerating voltage of 
15 kV and a working distance of 12.2 -  13.2 mm.
2.3 CONTACT RESISTANCE TESTING
Specifications and testing equipment details laid out in MIL-DTL-81706B were 
followed for electrical contact resistance testing. At least five measurements of contact
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resistance for each passivation was measured in the as-received condition, after 500 
hours, and after 1000 hours of salt spray exposure.
2.4 ELECTROCHEMICAL TESTING
Electrochemical testing was performed using a flat cell (model K0235, Princeton
Applied Research) and a standard calomel electrode (SCE). The electrolyte used for 
testing was a solution containing 0.6M sodium chloride and 0.6M ammonium sulfate. A 
potentiostat (EG&G Princeton Applied Research Model 273A) and frequency response 
analyzer (Solartron Instruments SI1255 HF Frequency Response Analyzer) were used to 
generate data for the experiments. CorrWare and CView software packages were used to 
collect and analyze cyclic potentiodynamic scan (CPDS) data, respectively. ZPlot 
software was used to collect and ZView software was used to analyze electrochemical 
impedance spectroscopy (EIS) data.
Each passivation was tested at least three times on a fresh 1 cm2 area on the 
sample. Each test consisted of an open circuit potential (OCP) portion, EIS, and CPDS. 
The OCP was collected for at least 3000 seconds before EIS was started. EIS was 
performed over a frequency range of 10"2 to 105 Hz and had an AC amplitude of 10 mV. 
CPDS began 0.3 V below OCP, ramped up to 0.8 V above OCP, and then went back 0.3 
V below OCP at a scan rate of 0.1667 mV/s.
3. RESULTS AND DISCUSSION
3.1 AS-RECEIVED PASSIVATIONS
The as-received passivations were found to be various colors (Figure 1). Bare
ZnNi, Zircobond-A, and Chemseal 59 were metallic gray in color and Zircobond-I and
Zircobond-59 were blue. Zircobond-D was black and Zircobond-100 and Zircobond-200
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was yellowish. Focused-ion beam (FIB) cross-section of Zircobond-D was used to verify 
the thickness of the Zircobond coating, which was found to be approximately 70 nm 
(Figure 2). Each coating has variations in color throughout and especially at the edges, 
which may indicate some inconsistencies in passivation chemistry or thickness. Contact 
resistance and corrosion resistance can be affected by differences in both chemistry and 
passivation thickness. For example, passivation thickness is positively correlated with 
contact resistance so areas with thicker coating may have higher contact resistance. The 
passivation chemistry is related to the oxide layer that forms on the surface which can 
also influence the contact and corrosion resistance.
The bare ZnNi sample had the lowest contact resistance prior to salt spray 
exposure (2.0 mQ/in2). Chemseal 59 had the lowest electrical contact resistance of the 
passivated panels with an average of 3.2 mQ/in2 and was the only passivation to meet the 
as-received requirement of 5 mQ/in2 or less contact resistance. Conversely, Zircobond-D 
had the highest contact resistance at about 404 mQ/in2. Figure 3 shows the average 
electrical contact resistance and range of measurements for all as-received panels. All 
Zircobond 4200 based passivations exceeded the as-received contact resistance 
requirement, which may suggest that Zircobond 4200 inherently has a relatively high 
electrical contact resistance and may not be suitable for use in electrical connectors.
Cyclic potentiodynamic scans of the passivations showed similar corrosion 
behavior (Figure 4). The voltage is increased through the anodic sweep of the scan to 
breakdown the passivation and then decreased to characterize the oxidation behavior. All 
scans show an initial breakdown, known as the corrosion potential, occurring at 
approximately -1.0 V for all but one passivation. A more negative corrosion potential
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Figure 1: Zr-based passivations deposited on electroplated ZnNi on steel substrates in the 
as-received condition. (A) Bare ZnNi, (B) Zircobond-I, (C) Zircobond-A, (D) Zircobond- 
D, (E) Chemseal 59, (F) Zircobond-59, (G) Zircobond-100, (H) Zircobond-200. Color 
variations may indicate chemistry or thickness differences in the passivation layers across 
each sample’s surface. Panels are 2” by 3.5”.
implies a more active surface, making Zircobond-59 the least active with an Eo of -750 
mV. A secondary corrosion potential occurs during the cathodic sweep and is seen at 
approximately -750 mV for all coatings. This secondary potential is more positive than 
all initial corrosion potentials, excluding Zircobond-59 whose initial and secondary 
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Figure 3: Electrical contact resistance of as-received coating systems compared to DoD 
requirement of <5mQ/in2. Error bars denote range of measurements.
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that the corrosion product that forms is more noble than the original passivation. The 
negative hysteresis implies that pitting should not be a concern for these coating systems.
Figure 4: CPDS curves comparing baseline Zircobond 4200 to A) sample representative 
curves, B) the bare ZnNi, C) coatings with Chemseal 59, and D) Zircobond coatings with
a Zircoseal.
Values for corrosion current (I0), corrosion potential (E0), and polarization 
resistance (Rp ) for all passivations analyzed can be seen in Table 2. Corrosion current 
varied widely between samples, from 0.01 mA/cm2 to 3.54 mA/cm2. Zircobond-59 had 
the lowest corrosion current, which indicates it has the lowest corrosion rate relative to 
the other passivations. Zircobond-D had the highest corrosion current at about 3.5 
mA/cm2 and therefore was the least corrosion resistant of the passivations. Polarization 
resistances ranged from 28 to 448 Q-cm2 and are negatively correlated with corrosion
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current. Higher polarization resistances indicate a more stable passivation that is more 
resistant to corrosion. Overall these results show Zircobond-59 having the lowest 
corrosion rate and having a high but extremely variable corrosion resistance, while 
Zircobond-D has the highest corrosion rate and average corrosion resistance with large 
variation.
Table 2: Polarization values of as-received passivations determined from CPDS analysis
Coating Io (mA/cm2) Eo (V) Rp (Qcm 2)
Bare ZnNi 0.52 ± 0.07 -1.03 ± 0.04 51 ± 7
Zircobond-I 0.67 ± 0.13 -1.02 ± 0.02 39 ± 7
Zircobond-A 0.59 ± 0.05 -0.99 ± 0.02 44 ± 4
Zircobond-D 3.54 ± 14.72 -0.91 ± 0.05 43 ± 91
Chemseal 59 0.62 ± 0.22 -1.02 ± 0.02 44 ± 16
Zircobond-59 0.10 ± 0.31 -0.75 ± 0.05 448 ± 1150
Zircobond-100 0.55 ± 0.08 -1.02 ± 0.01 48 ± 7
Zircobond-200 0.74 ± 0.58 -1.01 ± 0.01 37 ± 26
The Bode plot for bare ZnNi showed a simple response with only one apparent 
peak at about 100 Hz. Zircobond-I, Zircobond-A, and Zircobnd-100 showed more 
complex responses having two peaks. On the other hand, Zircobond-D, Chemseal 59, 
Zirconbond-59, and Zircobond-200 showed simple corrosion barriers having only one 
peak (Figure 5). Zircobond-I had peaks at 3 Hz and 200 Hz. Zircobond-A also had two 
peaks at about 1 Hz and 20 Hz, while Zircobond-100 had peaks at 1 Hz and 200 Hz. 
Zircobond-D, Chemseal 59, Zirconbond-59, and Zircobond-200 each had one apparent 
peak at 2 Hz, 4 Hz, 0.1 Hz, and 100 Hz, respectively. A multi-peak response indicates 
multiple corrosion reactions occurring due to multiple and/or porous layers.
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Nyquist plots were used to determine the impedance values presented in Table 3. 
The impedance values ranged from 110 to 500 Q/cm2. Higher impedance values indicate 
a stronger resistance to corrosion due to being more chemically noble. Zircobond-I and 
Zircobond-200 had the highest impedances of 500 Q/cm2 and Zircobond-A and 
Zircobond-D were the lowest impedance values of 110 Q/cm2.










Equivalent circuit (EC) modeling was used to further interpret the EIS results. 
Four different circuit models were used to model all passivations tested (Figure 6). All 
models consist of a resistor that represents the resistance of the electrolyte and an 
inductor thought to be caused by the wiring of the test setup. Each Randle’s circuit in the 
models consists of a constant phase element (CPE) and a resistor which represents a 
double layer being present. Each double layer is an interface between an electrode and 
the electrolyte, therefore, more double layers typically indicates better corrosion 
resistance. Bare ZnNi and Zircobond-I were the baselines and are represented by two 
simple Randle’s circuits. Zircobond-59 is modeled with only one Randle’s circuit, while 
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Figure 5: Bode plots comparing baseline Zircobond 4200 to A) Zircobond-A and 
Zircobond-D, B) Chemseal 59 and Zircobond-59, and C) Zircobond-100 and Zircobond-
200.
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Zircobond-100 were modeled similarly to the baseline samples with two Randle’s circuits 
except the second circuit includes a Warburg diffusion element, indicating a mass 
transfer dependence at one of the double layers. The values for the elements in each 
coating’s model can be found in Table 4. The variations in the EC models indicate that 
both surface preparation and sealing affect the corrosion response of the bare ZnNi and 
Zircobond-I. Most combinations of sealers and cleaners resulted in a more complex EC, 
excluding Zircobond-59, which typically indicates better corrosion protection.
Figure 6: Equivalent circuit models for (a) bare ZnNi and Zircobond-I, (b) Zircobond-A, 
Zircobond-D, Chemseal 59, and Zirconbond-100, (c) Zircobond-59, and (d) Zircobond-
200.
Table 4: Element values for equivalent circuit models for each coating
C o a t in g R1 L1 C P E 1 - T C P E 1 -P R 2 W o 1 - R W o 1 - T W o 1 - P C P E 2 - T C P E 2 -P R3 C P E 3 - T C P E 3 - P R 4
B a re  ZnN i 5 .49 2 .06E-06 0 .0003 0.788 132.7 0 .0310 0 .618 447.7
Z irco b o n d -I 4 .41 1 .30E-06 0 .0 02 2 0.507 7 32.3 0 .0003 0 .811 13.5
Z irc o b o n d -A 6.89 2 .31E-06 0 .0 20 0 0.956 25.1 2 86 .00 7 42.50 0.35 0 .0036 0.687 9.3
Z irco b o n d -D 2.63 1 .69E-06 0 .0 11 8 0.897 31.5 2 093.00 113.40 0 .72 0 .0152 0.100 2.9
C h e m s e a l 59 4.53 1 .73E-06 0 .0023 0 .868 163.4 272.20 51.00 0 .62 0 .0005 0 .797 1.4
Z irco b o n d -5 9 7 .57 2 .6 4E -06 0 .0 21 0 0.832 1044.0
Z irco b o n d -1 0 0 6 .33 2 .08E-06 0 .0038 0.750 200.7 112.70 37.65 0.56 0 .0010 0 .691 14.0
Z ircb o n d -2 0 0 6 .43 2 .1 6E -06 0 .0 00 5 0.785 46.2 0 .0013 0.687 195.0 0 .0055 0.516 3 92.8
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3.2 AFTER SALT SPRAY EXPOSURE
Visual inspection of the samples after 500 and 1000 hours of salt spray testing
(SST) showed extensive corrosion product build-up with little difference between the 
bare ZnNi and the passivated samples. Photographs of the samples can be seen in Figure 
7. From 500 to 1000 hours of testing, it is evident that corrosion product continued to 
build up on the samples. Zircobond-100 and Zircobond-200 show spots of red rust that 
indicate the coating system failed to protect the steel substrate.
While similar amounts of corrosion product built up despite the type of 
passivation used, the morphology of the corrosion product varied from sample to sample. 
Figure 8 is a side by side comparison of all passivations’ morphologies after 500 hours of 
SST. The bare ZnNi resulted in a corrosion product that had nodular type structure while 
Zircobond-I was a stark contrast with well-defined acicular shapes. Zircobond-A and 
Zircobond-D had similar structures, both being tufted round structures but with 
differences in size. Chemseal 59 had crystal growth like Zircobond-I, but the crystals 
seem to grow from structures like the bare ZnNi. Zircobond-59 presented with a 
somewhat flat tufted surface with large crystals on top. Zircobond-100 has a similar 
structure to Zircobond-A and Zircobond-D, but with some sections lacking the tufted 
texture similar to bare ZnNi. Zircobond-200 had the most unique structure of all the 
samples presenting a morphology that seems to be a highly structured form of the round 
tufts seen on other samples. This structure resembles a honeycomb type network. The 
variations between the samples indicates the coating/sealer chemistry and surface 
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Chemseal 59 Zircoband-59 Zircobond-100
V,
Figure 7: Photographs of samples after (a) 500 and (b) 1000 hours of salt spray exposure.
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Electrical contact resistance was measured for each specimen after SST and the 
results can be seen in Figure 9. The thickness of corrosion product generally causes an 
increase in electrical resistance because oxides are non-conductive. All resistances 
increased as SST time increased due to corrosion product build-up. Zircobond-I and 
Zircobond-59 were the exceptions, seeing slight decreases in contact resistance from 500 
to 1000 hours SST, which may be attributed to the inconsistency of the testing method. 
The required electrical contact resistance for electrical connectors is less than 10 mQ/in2 
and therefore all of the samples had resistances that were several orders of magnitude too 
large to be acceptable.
CPDS curves shown in Figure 10 are used to characterize the corrosion behavior 
of the samples after 500 hours SST. Table 5 shows all polarization values for the coatings 
after 500 and 1000 hours of SST. The uncertainty of the measurements is shown by the 
95% confidence intervals which is likely due to the variability of the coatings’ surface. 
The 500-hour samples corrosion potentials, E0, ranged from -990 mV to -810 mV, with 
Zircobond-I being the most passive with an E0 of -810 mV and Zircobond-D being the 
most active with an E0 of -990 mV. Chemseal 59 and Zircobond-D were the only samples 
to be more active than the bare ZnNi. After 1000 hours, E0 ranged from -980 mV to -820 
mV. Only Zircobond-I (-850 mV) and Zircobond-200 (-820 mV) were more passive than 
bare ZnNi (-860 mV). Polarization resistance, Rp, after 500 hours ranged from 150 Q-cm2 
to 399 Q-cm2, with higher values indicating a high resistance corrosion. The highest 
polarization resistance of the 500-hour samples was Zircobond-I and the least being 
Zircobond-D. After 1000 hours, RP ranged from 199 Q-cm2 to 416 Q-cm2 with bare ZnNi 
being the least resistant and Zircobond-D being the most resistant to polarization.
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Figure 8: Microstructures of corrosion product observed after 500 hours of salt spray 
testing. (a) Bare ZnNi, (b) Zircobond-I, (c) Zircobond-A, (d) Zircobond-D, (e) Chemseal 
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Figure 9: Electrical contact resistance of coating systems after 500 and 1000 hours of 
SST compared to DoD requirement of <10mQ/in2. Error bars denote range of
measurements.
Corrosion current, I0, ranged from 0.072 mA/cm2 (Zircobond-I) to 0.198 mA/cm2 
(Zircobond-D) for the 500-hour specimens and 0.064 mA/cm2 (Zircobond-200) to 0.131 
mA/cm2 (bare ZnNi) for the 1000-hour samples. Lower corrosion currents correlate to 
lower corrosion rates meaning that Zircobond-I has the lower corrosion rate after 500 
hours SST and Zircobond-D has the highest. After 1000 hours, all passivated panels have 
a lower corrosion rate than bare ZnNi with Zircobond-200 having the lowest. Every curve 
has a negative hysteresis and has a secondary corrosion potential around -700 mV 
indicating that after breaking down and oxidizing the surface becomes more noble and is 
not susceptible to pitting. Overall, after 500 hours SST Zircobond-I had the lowest 
corrosion rate, the most passive surface, and was the most corrosion resistant with 
Zircobond-200 being similar but slightly worse in all categories. After 1000 hours SST 
Zircobond-200 had the lowest corrosion rate, was the most passive and the second most
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corrosion resistant. Zircobond-D saw the most change between 500 and 1000 hours SST. 
It had the worst corrosion rate and resistance after 500 hours but had some of the best 
results after 1000 hours while still being one of the more active coatings.
Figure 10: CPDS curves for 500-hour specimens. (a) Comparing Zircobond-I to bare 
ZnNi. (b) Comparing Zircobond-I to Zircobond-A and Zircobond-D. (c) Chemseal 59 
compared to Zircobond-59. (d) Comparing Zircobond-I to Zircobond-100 and -200.
Bode phase angle plots for all specimens after 500 and 1000 hours showed one 
apparent peak as seen in Figure 11. The single peak appeared between 0.4 Hz and 1 Hz 
for the 500-hour samples and between 0.2 Hz and 2 Hz for 1000-hour samples. Nyquist 
plots were used to determine the impedance of each specimen (Table 6).
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Table 5: Polarization values for samples exposed to salt spray testing for 500 and 1000
hours
Hours
SST Coating Io (mA/cm2) Eo (V) Rp (Q-
cm2)
500 Bare ZnNi 0.15 ± 0.27 -0.86 ± 0.09 203 ± 267
500 Zircobond-I 0.07 ± 0.08 -0.81 ± 0.06 399 ± 442
500 Zircobond-A 0.14 ± 0.05 -0.85 ± 0.06 193 ± 77
500 Zircobond-D 0.20 ± 0.29 -0.99 ± 0.25 150 ± 174
500 Chemseal 59 0.10 ± 0.02 -0.87 ± 0.01 261 ± 44
500 Zircobond-59 0.11 ± 0.04 -0.85 ± 0.02 252 ± 62
500 Zircobond-100 0.09 ± 0.02 -0.83 ± 0.03 288 ± 69
500 Zircobond-200 0.08 ± 0.05 -0.82 ± 0.02 356 ± 234
1000 Bare ZnNi 0.13 ± 0.01 -0.86 ± 0.01 199 ± 14
1000 Zircobond-I 0.09 ± 0.03 -0.85 ± 0.02 279 ± 107
1000 Zircobond-D 0.10 ± 0.19 -0.98 ± 0.33 416 ± 1070
1000 Chemseal 59 0.10 ± 0.12 -0.88 ± 0.03 277 ± 283
1000 Zircobond-59 0.10 ± 0.02 -0.88 ± 0.01 264 ± 61
1000 Zircobond-200 0.06 ± 0.01 -0.82 ± 0.00 410 ± 55
Impedances ranged from 150 Q/cm2 to 700 Q/cm2 for the 500-hour samples and from 175 
Q/cm2 to 475 Q/cm2 for the 1000-hour specimens. Zircobond-100 had the highest 
impedance of the 500-hour specimens and Zircobond-I had the highest of the 1000-hour 
specimens. Zircobond-D maintained the lowest of impedance for both sets of specimens 
tested. Higher impedances correlate to stronger barriers to corrosion, meaning coatings 
Zircobond-I, Chemseal 59, Zircobond-100 and Zircobond-200 create stronger barriers to 
corrosion than the bare ZnNi.
Equivalent circuit (EC) modeling was used to further analyze the EIS results. Two 
models were used to model EIS results for all 500-hour panels (Figure 12). Bare ZnNi, 
Zircobond-A, and Zircobond-D had EC’s that consisted of only one Randle’s circuit 
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Figure 11: Bode phase angle plots for bare ZnNi, Zircobond, and Chemseal 59 specimens 
after (a) 500 and (b) 1000 hours of salt spray testing.
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Table 6: Impedance values for bare ZnNi and passivated ZnNi specimens after 500 and
1000 hours of SST
Coating Impedance (H/cm2) 500 hours
Impedance (H/cm2) 
1000 hours








Zircobond-59, Zircobond-100, and Zircobond-200 were modeled with two Randle’s 
circuits indicating a more complex system for resisting corrosion. The values of each 
element used in the models can be seen in Table 7. After 500 hours, bare ZnNi, 
Zircobond-I, Zircobond-100, and Chemseal 59 all maintained the same number of 
Randle’s circuits as their as-received models meaning the protection mechanism did not 
changed throughout SST. Zircobond-A and Zircobond-D models both have one rather 
than two Randle’s circuits, which may indicate that the top passivation layer has been 
corroded away after 500 hours SST. Zircobond-200 also has one less Randle’s circuit in 
the 500-hour model than as-received, indicating the Zircoseal 200 may no longer exist. 
Zircobond-59 is the only sample to see an increase in Randle’s circuits after SST, this 
may indicate that the Chemseal 59 has lost some integrity because both the sealer and 
passivation now have contact with the solution.
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Figure 12: Equivalent circuit models used to analyze EIS results for (a) Bare ZnNi, 
Zircobond-A, and Zircobond-D and (b) Zircobond-I, Chemseal 59, Zircobond-59, 
Zircobond-100, and Zircobond-200 after 500 hours of salt spray testing.
Table 7: Values for equivalent circuit elements of bare and passivated ZnNi samples after
500 hours SST
C o a t in g R 1 L1 C P E 1 -T C P E 1 -P R 2 W o 1 -R  W o 1 -T  W o 1 -P  C P E 2 -T C P E 2 -P R3
Bare ZnNi 6.02 1.54E-06 0.0048 0.723 420.4 ------------------------------------------------- - -
Zircobond-I 4.06 2.15E-06 0.0212 0.437 18.0 - - - 0.0062 0.839 461.2
Zircobond-A 6.72 2.24E-06 0.0097 0.649 406.8 ------------------------------------------------- - -
Zircobond-D 6.32 1.34E-06 0.0099 0.733 136.4 - - - - - -
Chemseal 59 5.01 1.73E-06 0.0046 0.779 428.0 - - - 0.0243 0.479 5.7
Zircobond-59 8.22 2.68E-06 0.0531 0.345 12.2 - - - 0.0051 0.773 497.0
Zircobond-100 10.19 2.85E-06 0.0029 0.804 864.8 - - - 0.0102 0.441 3.8
Zircbond-200 3.63 8.22E-07 0.0045 0.805 593.7 - - - 0.0970 0.061 22349.0
4. CONCLUSIONS
Corrosion performance, electrochemical response, and morphology of Zircobond 
4200 were studied along with the effects of surface preparation and Zr-based sealers. 
Standard Zircobond 4200 and Zr-based sealers were shown to provide increased 
corrosion protection to electroplated ZnNi. These coating systems overall increased 
corrosion resistance and decreased corrosion rates. The coatings that included Zircobond 
4200 and a Zircoseal gave improved electrochemical measurements, however, salt spray 
testing showed evidence of red rust indicating that the sealers may have dissolved or 
cracked the underlying coatings. Zircobond-A and Zircobond-D samples provided little 
to no benefit above the electroplated ZnNi suggesting that the alkaline cleaner and 
deoxidizer used prior to deposition were not beneficial for this coating. Although some
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improvement was seen with the addition of passivation layers and sealers, the visual and
electrical contact resistance results show that these passivations are not suitable
replacements for electrical connectors used for DoD applications.
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Ten different Zr-based passivation coating systems were deposited onto 
electroplated, low hydrogen embrittlement y-ZnNi on steel substrates. The coatings 
consisted of Zircobond 4200, X-Bond 3000, X-Bond 4000, Chemseal 59, Zircoseal 100, 
Zircoseal 200, and combinations thereof including variations in surface preparation using 
an alternative alkaline cleaner and acidic deoxidizer. An unpassivated, bare ZnNi sample 
was used as the control for comparison purposes. Analysis of all data collected results in 
the following conclusions:
■ Zr-based passivations can improve the corrosion resistance of electroplated 
ZnNi. The most improvement was seen with coatings that have a more negative 
OCP due to the more active surface.
■ The effect of surface preparation is dependent on the coating chemistry. The X- 
Bond 3000 coating saw improvement with the use of an alkaline cleaner, while 
the Zircobond 4200 coating saw very little to no improvement with the use of 
the same alkaline cleaner or an acidic deoxidizer.
■ Zircoseal chemistries may dissolve or crack the ZnNi coating and allow the 
underlying steel substrate to oxidize and produce red rust.
■ None of the coating systems evaluated meet military requirements for visual 
appearance or electrical contact resistance after 500 or 1000 hours of ASTM 
B117 salt spray testing.
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■ The X-Bond samples showed the most promise having the least amount of 
corrosion product build-up throughout salt spray testing and having the lowest 
electrical contact resistances.
■ Overall, the X-Bond 3000 with an alkaline cleaner provided the best corrosion 




Future work should include focused ion beam cross-sections of all coating 
systems to verify thickness of the coatings. X-ray photoelectron spectroscopy should be 
done to obtain a composition profile of the coatings to provide more insight into the 
corrosion behavior observed. The deposition method and parameters should be varied for 
the most promising coatings from this study (X-Bond) to optimize their corrosion 
performance. Different zirconium-based coatings on electroplated ZnNi should be 
investigated as Zr has shown potential for ZnNi protection. Other non-chromate coatings 
should also continue to be studied. The electrical contact resistance testing method should 




Figure A-1: Samples observed after 24 hours of salt spray testing. Samples are damp.
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Figure A-2: Samples observed after 48 hours of salt spray testing. Samples are damp.
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Figure A-3: Optical microscopy of as-received Bare ZnNi.
Figure A-4: Optical microscopy of as-received Zircobond-I.




W g s $ .
A: Zi? V
■• s * " / t
^ 'A ^ 'k :'cSrv*',o.-r
» ' ■" * i, . & »•;•.•> rS/-“^c■ ~-T ̂ -^7^' -~'f '
200 |im.;• ..-*;• v -•' S;- *-v":• ?
&Ztvyi :-*£•*'.V “.* •:*mv&
Figure A-6: Optical microscopy of as-received X-Bond 3000-I.
Figure A-7: Optical microscopy of as-received X-Bond 3000-A.
Figure A-8: Optical microscopy of as-received Zircobond-A.
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Figure A-9: Optical microscopy of as-received Zircobond-D.
Figure A-10: Optical microscopy of as-received Chemseal 59.
Figure A-11: Optical microscopy of as-received Zircobond-59.
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Figure A-12: Optical microscopy of as-received Zircobond-100.
Figure A-13: Optical microscopy of as-received Zircobond-200. Cracks are due to 
damage caused during cutting of the sample.
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Figure A-14: SEM image of as-received Bare ZnNi.
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Figure A-15: SEM image of as-received Zircobond-I.
65
Figure A-16: SEM image of as-received X-Bond 4000.
Figure A-17: SEM image of as-received X-Bond 3000-I.
Figure A-18: SEM image of as-received X-Bond 3000-A.
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Figure A-19: SEM image of as-received Zircobond-A.
Figure A-20: SEM image of as-received Zircobond-D.
Figure A-21: SEM image of as-received Chemseal 59.
67
Figure A-22: SEM image of as-received Zircobond-59.
Figure A-23: SEM image of as-received Zircobond-100.
Figure A-24: SEM image of as-received Zircobond-200.
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Figure A-25: (a) Optical image and (b) multi-focus image of Bare ZnNi after 500 hours
of SST.
Figure A-26: (a) Optical image and (b) multi-focus image of Zircobond-I after 500 hours
of SST.
Figure A-27: (a) Optical image and (b) multi-focus image of Z-Bond 4000 after 500
hours of SST.
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Figure A-28: (a) Optical image and (b) multi-focus image of X-Bond 3000-I after 500
hours of SST.
Figure A-29: (a) Optical image and (b) multi-focus image of X-Bond 3000-A after 500
hours of SST.
Figure A-30: (a) Optical image and (b) multi-focus image of Zircobond-A after 500 hours
of SST.
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Figure A-31: (a) Optical image and (b) multi-focus image of Zircobond-D after 500 hours
of SST.
Figure A-32: (a) Optical image and (b) multi-focus image of Chemseal 59 after 500 hours
of SST.
Figure A-33: (a) Optical image and (b) multi-focus image of Zircobond-59 after 500
hours of SST.
71
Figure A-34: (a) Optical image and (b) multi-focus image of Zircobond-100 after 500
hours of SST.
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